We visualized the surface of ultra-thin sections of rat liver and kidney embedded in LR White resin using an atomic force microscope. The d o n surface always showed depressions corresponding to the embedded cells at the plasma membrane, at the basal lamina, at mitochondria, and chromatin blocks in the nucleus. The depth of the depression corresponding to the plasma membrane was about 6 nm in both hepatocytes and several tlrpes of kidnq cells. At the basal lamina, mitochondria, and the chromatin blocks, sections showed deeper depressions of about 10-30 nm. In addition, cytoplasmic surfaces showed strong relief, 3-4 nm
Introduction
Post-embedding immunogold labeling on Lowicryl or LR White sections is now widely used as a highly efficient immunogold electron microscopic technique. It has been reported that gold probes cannot penetrate into the sections and that only epitopes exposed or set free on the surfaces are detected (12). Kellenberger and coworkers (10, 12) revealed by a shadowing technique that Lowicryl K4M sections of E. coli have a specimen-related surface relief of ~3 nm in the bacterial cytoplasm and ~b -n m protuberances at the cell envelope. They also showed that the surface roughness of Lowicryl sections is more prominent than that of epon-embedded sections (10, 12) , and suggested that the strong relief of Lowicryl K4M-embedded specimens is related to the high efficiency of the immunolabeling. However, it is very difficult to measure accurately such a small relief on the metal shadow-cast sections. The precise nature of the section surfaces for Lowicryl or LR White resinembedded specimens remains to be clarified.
An atomic force microscope (AFM) has been recently invented and has become a powerful tool for surveying the surface of materials accurately in a high-resolution mode. In AFM, a very sharp tip at- on average. The surfaces of the resin block left after ultrathin sectioning showed protrusions corresponding to cells, mitochondria, and the chromatin blocks. In marked contrast, the surface of epon sections was much smoother than tached to the end of a cantilever scans a surface, deflections of the cantilever are recorded, and the topographic image of the surface is visualized by a computer (8) . The lateral resolution of the AFM is dose to 0.1 nm, and the height resolution reaches roughly 0.01 nm on flat, rigid material. Moreover, nanometer-level resolution has been obtained on biological specimens (8) . AFM can be operated under physiological conditions in air or in a liquid and has been used for high-resolution imaging of various kinds of biological specimens (8,15), including gap junctions (9), chromosomes (2) DNA (7), and single cells such as erythrocytes (5). In this study, we have applied AFM to examine the surface of LR White ultra-thin sections of rat kidney and liver cells. We show that the sectioqsurfaces reveal specimen-related depressiorls corresponding to plasmb membranes (-6 nm), mitochondria, and chromatin blocks, and to specimen-related relief, 3-4 nm in depth, on the cytoplasm.
Materials and Methods
Materials. Male Sprague-Dawley rats (n = 6 ) weighing 150-200 gwere used and were given a commercial chow and water ad libitum.
Embedding in LR White or in Epon and Ultra-thin Sectioning. Rat kidneys were fmed by perfusion with Hanks' solution containing 4% paraformaldehyde and 1% glutaraldehyde (pH 7.4) through the left ventricle. Rat livers were perfusion-fixed through the portal vein using the same solution containing 4% paraformaldehyde and 0.1% glutaraldehyde. After chopping, small pieces of the fixed kidneys and liven were embedded in LR White resin (11) 
Results

AFM Imaging of LR White Sections
The surfaces of ultra-thin sections of rat kidney and liver embedded in LR White resin were imaged by AFM using a contact mode without any staining. Intercellular space between the basal infoldings or between the lated plasma membranes is clearly shown as relief (Figure 2b , arrowheads). Around the basal lamina, the surface was deeply depressed as shown in Figure 2b (asterisk). Because the cell body was engravcd as a depression around the cell surface, the borders of the cells were clearly visualized un-der AFM. Mitochondria were also visualized as depressions in the cytoplasm (Figures 2a and 2b , arrows). Another organelle clearly visualized under AFM was the nucleus. The chromatin blocks in the nucleus were deeply etched, as shown in Figure 2b . The nuclear matrix was not depressed and the height of the surface was similar to the other parts of the cells (Figure 2b) . Figure 2c shows the same field as Figure 2a in a two-dimensional view. The dark areas corresponding to the brush border, basal cell surface, and mitochondria show that these structures are markedly depressed. A cross-sectioned profile along the white line indicated in Figure 2c is shown in Figure 2d . Deep depressions of 10-20 nm, corresponding to the basal cell surface (asterisks) and mitochondria and an ~6 -n m elevation of the apical plasma membrane (white bar) can be seen. Figure 3 shows a 3D image of the basolateral part of two proximal tubules and the wide intertubular space with smooth surface relief. Depressions of -2O-nm depth were observed, corresponding to the basal surface of the tubule cells and to the mitochondria sandwiched between basal infoldings ( Figure 3) .
A glomerular capillary and a podocyte are shown in Figure 4 . The cytoplasm of capillary epithelial cells and the podocyte is depressed, and small cytoplasmic foot processes of podocytes can be seen. Chromatin blocks of the nucleus of the podocytes are also deeply etched. In contrast, the capillary lumen showed a smooth section surface.
Figures 5a and 5b show distal convoluted tubule cells. The cell surface, mitochondria, and chromatin blocks of the nucleus were depressed similarly to the proximal tubule cells, and basal infoldings of the plasma membrane sandwiching the mitochondria were clearly imaged. It is also noted here that the cytoplasmic and nucleoplasmic surfaces show a zigzag relief (white arrows). in depth, both in the proximal and distal convoluted tubule cells and in the hepatocytes. As the boundary between the basal lamina and the basal plasma membrane was not clearly determined under AFM. they were measured together. The depth of the depressions corresponding to the basal lamina and the basal plasma membrane was about 30 nm and was far deeper than that of the plasma mem-brane without basal lamina. Mitochondria and the chromatin blocks showed 10-20-nm and 20-30-nm depressions. respectively. Cytoplasm not containing mitochondria or plasma membranes showed a surface relief of 3-4 nm on average. The space between proximal tubules where no cells were present was smooth, and the average value of the relief in this region was <3 nm. 
Estimation of the Depth of the Depressions on LR White Ultra-thin Sections
AFM Image of the Resin Block Surface A f e r Ultra-thin Sectioning
the cytoplasm.
The depressions on the ultra-thin sections are believed to be caused by uneven cleavage of the resin during ultra-thin sectioning (10) . Therefore, we examined the complementary surfaces (B surfaces) of the sections that were left on the resin block. Figures 7a and  7b show that cells stand out from the block surface as reliefs, in contrast to the ultra-thin sections in which the cell bodies were depressed. Mitochondria and nuclear chromatin also stood out from sections. The average surface roughness in the cytoplasm of the kidney proximal tubule cells was estimated to be 2.2 2 1.8 nm (n = 11 points). The surfaces had a tendency to be depressed at the cell bodies, similar to the findings in LR White resin sections, but the depression did not strictly correspond to the plasma membrane and mitochondria, and these cellular structures were not clearly visualized. Chromatin blocks in the nucleus, however, were deeply depressed, as observed in LR White sections.
AFM Image of Epon sections
Discussion
To investigate the precise nature of the surface of ultra-thin sections is very important for understanding the mechanism of immunolabeling on the sections, because only the epitopes exposed on the surface are believed to be detected by the corresponding antibodies (12) . Kellenberger and colleagues (10, 12) revealed by a shadowing technique that Lowicryl K4M-embedded sections of E. cofi have specimen-related surface relief. The precise nature of the section surface, however, has not been clarified. The AFM appears to be a suitable instrument for imaging the surface.
The surface ofthe LR White sections, when analyzed by an AFM, showed depressions at the plasma membrane, basal lamina, mitochondria, and the chromatin blocks of the embedded cells. On the other hand, the surfaces left on the resin block after ultra-thin sectioning showed protrusions corresponding to the depressions at the cell surfaces, mitochondria, and chromatin blocks.
As shown in Figure 9 , it is suggested that uneven cleavage of the resin-embedded cells occurs during dua-thin sectioning, depressed on the newly appearing surface (A surface) and protruded on the opposite resin block surface (B surface). It is not clear why specimen-related depressions were observed on the ultra-thin sections in this study and why protrusions were detected by Kellenberger and co-workers (10, 12) . This discrepancy may be due to the difference in the material (rat vs E. cofi) and/or in the embedding resins (LR White vs Lowicryl K4M). Recently, Amako et al. (1) reported AFM imaging of the surface of epon sections of bacterial cells, and showed that the surfaces are engraved a: the cell body. Therefore, a more probable explanation may be that we observed one surface (A surface) and Kellenberger group observed another surface (B surface) of the ultra-thin sections.
Kellenberger and co-workers (10, 12) showed that the surface reliefin Lowicryl sections is more pronounced than that in epon sections. Consistent with their report, the surface of epon sections was much smoother than that of LR White sections under AFM. In contrast to epon, in which tissue proteins become covalently linked to the resin, interaction between cell structures and the resin is believed to be much weaker in acrylate-based resins such as h i c r y l s (4,14) and LR White (11) than in epon. Durrenberger et al. (4) suggested that with acrylate resins the section plane may more closely follow the protein-resin interface and more efficiently unmask antigenic sites than with epon. The low efficiency of immunolabeling on the epon sections may be also due to the destruction of antigenic sites by cross-linkage between tissue and the plastic.
At the plasma membrane, m6-nm depressions were commonly observed on LR White sections of rat kidney epithelial cells and of liver cells. This value of m6 nm is consistent with the height of surface protrusion on the cell envelope of Lowicryl-embedded E. coli as reported by Kellenberger and colleagues ( l o&! ) using a shadowing technique. The cytoplasm showed 3-4-nm surface relief under the AFM. This value agrees with that obtained in bacterial cytoplasm (10, 12) . The fact that a similar degree of depression of m6 nm was observed at the plasma membrane in many kinds of cells or on all the domains of the cell surfaces and a similar relief of m3 nm was observed in the cytoplasmic domain of various cells may jusufy the comparison of labellng density among ddlkrent kinds of cells or among different cell surface domains. It is evident that the surface relief of the cytoplasm is specimen-related because no marked relief was observed on the intertubular or luminal space in the kidney.
In a previous report (13) . we localized Na,K-ATPase along rat nephron quantitatively using an immunogold technique. Labeling density on the basolateral plasma membrane of proximal tubule, distal convoluted tubule, and distal straight tubule cells was -3.3, -9.8, and -11.4/ptn, respectively, when specimens were stained with 8-nm protein A-gold complex. Absolute number of Na,K-ATPase molecules/ pm2 plasma membrane was calculated by assuming that only the molecules exposed on the section surface (relief) are detectable. According to Stierhof et al. (12) . the concentration ofthe membrane antigens per pmZ (z) can be expressed as z = 2Nfld (Nf, antigen per pm of the cross-sectioned membrane that is accessible to labeling; d, surface roughness in pm), if antigens are equally distributed to both the cleavage surfaces of the thin section. Using this formula and the depth of the depres- Table 1 . the predicted number of Na.K-ATPase mol-ecules1pm2 bvolateral plasma membrane of proximal tubules (d = 0.0056)and distalconvoluted tubules(d = 0.0073)was~1200 and m2700, respectively, if all the epitopes were equally labeled; this labeling efficiency is 1. If a similar d value (d = 0.006) can be applicable to the outer medullar distal straight tubules, the predicted number of this enzyme is calculated to be m3800/pm2. The frequency of the particles of negatively stained Na.K-ATPase on the membrane from kidney outer medulla was 12.500-19.0001 pm2 (3,6). Using these values. labeling dficiency is estimated to be 0.2-0.3. This labeling dficiency appears to be quite m n a b l e . taking into consideration the possibility that the epitopes of this enzyme arc inactivated duringvarious procedumofspecimen preparation. Mitochondria and the chromatin blocks in the nucleus also showed deep depressions of -10 nm and -20 nm, respectively. In epon sections, only chromatin blocks clearly showed a deep depression. It remains to be determined whether these deep depressions might affect the immunolabeling.
We could not detect depressions or protrusions corresponding to the ER. This may be due to the difficulty in identlfying the ER on the surface of the ultra-thin sections under the AFM, as they exist as a complicated network. By observing cells, such as exocrine pancreatic cells, with a well-developed ER system in a specific region, it may be possible to investigate the surfaces of the ultra-thin sections on the ER.
